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AN ABSTRACT OF THE THESIS OF Reka Katalin Gabor for the 
Master of Science in Geology presented October 6, 1981. 
Title: The Influence of Halloysite Content on the Shear 
Strength of Kaolinite. 
APPROVED BY MEMBERS OF THE THESIS COMMITTEE: 
The objective of this thesis is to determine the rel-
ative shear strengths of halloysite, kaolinite, synthetic 
mixtures, and local soils, to investigate the influence of 
halloysite content on the shear strength of kaolinite, and 
to explore the possibility that the strength properties of 
soil clays might be controlled by the relative content of 
their component minerals. 
Sets of samples of pure kaolinite and halloysite min-
erals and their mixtures in proportions of 1:1, 3:1, and 
2 
1:3 were prepared in the Harvard Miniature Compaction de-
vice, each compacted in four separate layers with 35 tamp-
ings from the 30 pound spring compactor on each layer. The 
specimens were cured at 15 degrees Celsius for 48 days and 
then tested in a MST Computer Controlled Servohydraulic 
Closed Loop unconfined compression unit. Two local soils 
known to contain halloysite or mixtures of halloysite and 
kaolinite were also investigated in a similar manner and 
correlated with the pure minerals. Samples used for car-
relations were compacted at optimum moisture content and 
yielded optimum densities in the 83% to 98% saturation 
range. Within the testing range, the relative shear 
strength of halloysite #13 from Eureka, Utah was higher at 
~ ~ 1.88±0.17 kg/cm than the 1.51±0.2 kg/cm value of kaolin-
ite from Twiggs Co., Macon, Georgia. The relative shear 
strengths of the synthetic mixtures at 1.58±0.36 kg/cm2 , 
1.74+0.23 kg/cm2 , and 1.81±0.22 kg/cm2 , respectively, 
ranged between the limiting values of the mineralogically 
pure halloysite and kaolinite and were in direct proportion 
to the percentage of their component minerals. The shear 
strength of the soil halloysite at 1.78+0.ll kg/cm 1 and 
that of the soil kaolin mixture at 1.74+0.09 kg/cm z corre-
lated with the shear strength of the pure halloysite miner-
al and of the 1:3 (kaolinite:halloysite) synthetic mixture, 
respectively. 
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CHAPTER I 
INTRODUCTION 
Two kandite group minerals, kaolinite and halloysite, 
occur widely in soils (Grim, 1953), yet little is known 
about their resistance to deformation and their strength 
characteristics. Kenney (1967) tested the influence of 
mineral composition on the residual strength of soils. He 
did not investigate the kaolin family minerals in detail, 
but suggested the possible existence of minerals within the 
group which differ in their residual strength properties. 
Keller and Haenni (1978) implied that many kaolinites are 
not ~ineralogically pure but are mixtures of kaolin poly-
morphs. Polymorph members kaolinite and halloysite have 
divergent mineralogical properties which should be reflect-
ed in the behavior of their mixtures. 
This study was undertaken to investigate the strength 
properties of halloysite and kaolinite and to test the in-
fluence of halloysite content on the shear strength of kao-
linite. 
SCOPE OF STUDY 
The purpose of the thesis is: 
1) to determine the relative shear strength of halloysite, 
kaolinite, synthetic mixtures, and local soils 
2) to investigate the influence of halloysite content on 
the shear strength of kaolinite 
3) to investigate the possibility that the strength proper-
ties of natural clay soils might be controlled by the rela-
tive content of their component minerals. 
CHAPTER II 
BACKGROUND INFORMATION AND REVIEW OF LITERATURE 
CHEMISTRY AND STRUCTURE 
Kaolinite and halloysite are the most prominent mem-
bers of the kandite group clay minerals. Chemically, they 
both are hydrated aluminium silicates with the chemical 
composition of Al~03 :Si02 :H20. This ratio in kaolinite is 
1:2:2 and in halloysite is 1:2:4. This indicates that hal-
loysite contains twice as much water per molecule as does 
kaolinite. 
The structure of kaolin minerals has been described 
by Pauling (1930), Gruner (1932), and Brindley and Robison 
(1946). Structurally, they are both phyllosilicates; each 
layer is made up of one sheet of silica tetrahedra and one 
sheet of aluminium octahedra. There are three available 
octahedral voids in the octahedral sheet but only two sites 
are occupied by the aluminium ions. Therefore, the kaolins 
are called dioctahedral minerals. If the vacant site is 
the same in each layer then well crystallized kaolin forms, 
but when the vacant site is randomly selected in each lay-
er, poorly crystallized kaolin develops. Kaolins crystal-
lize in the triclinic system (Brindley and Robison, 1946), 
but they might also belong to the monoclinic system (Grun-
er, 1932). According to Chukrov and Zvyagin (1966), hal-
loysites have monoclinic structures. 
The water in kaolinite is in the form of hydroxyl. 
4 
The hydroxyl ions of the octahedral sheet are in contact 
with the basal oxygens of the next structural unit. The 
thickness of each kaolinite layer is 7.lSA and the layers 
are stacked together in the "c" crystallographic direction. 
The layers are not placed directly on top of one another 
but are displaced along the "a" axis. Newnham (1961) 
thinks kaolinites develop this shifting mechanism to avoid 
superposition of Si and Al cations. 
In hallcysite, the successive kaolinite layers are 
displaced randomly in both the "a" and "b" directions 
(Brindley, 1951). As stated earlier, halloysite contains 
twice as much water as kaolinite does, but only one half of 
it is tied up as hydroxyl ions. The remaining water occu-
pies a 2.9A spacing between two kaolinite layers and in-
creases the basal spacing of a fully hydrated halloysite 
from 7.lSA to 10.lA. Halloysite, however, loses the inter-
layer water readily around 16 degrees Celsius and reverts 
back to the 7.2A spacing of kaolinite. Brindley and Good-
year (1948) point out that not all of the interlayer water 
is removed by air-drying and it is estimated that every 
fourth layer will have a layer of water. The interlayer 
water loss is an irreversible process; dehydrated halloy-
site will not rehydrate in the presence of water. 
MORPHOLOGY 
5 
Electron microscopic studies indicate that kaolinite 
crystallizes in well shaped, hexagonal plates or sometimes 
as elongated flakes. However, the degree of crystallinity 
influences the formation of kaolinite, and in a poorly 
crystallized mineral, less distinct flakes will form. Hal-
loysite, on the other hand, has tubular morphology. Ac-
cording to Bates and others (1950), strain develops within 
the kaolinite structure because the "b" dimension of the 
unit cell is 8.93A instead of the required 8.62A. While 
kaolinite is able to accomodate this strain, the presence 
of interlayer water prevents the halloysite from doing so 
(Hope and Kittrick, 1964), and the edges of the flakes will 
roll up and form the tubular morphology which is character-
istic of halloysites. The tubes, however, may collapse, 
unroll, or split when halloysite dehydrates (Grim, 1953). 
Halloysite does not always have tubular morphology; platy 
and spheroidal forms have been reported by Sudo and Taka-
hashi {1956), Kunze and Bradley (1964), de Souza Santos and 
others (1966), Askenasy and others (1973), and Tazaki 
(1978). 
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ELECTRICAL FORCES 
Kaolin minerals behave as colloids because their par-
ticle size is less than two microns. Electrical forces 
dominate in these minerals over the gravitational forces 
since their specific surface (surface area/mass) is large 
(Kruyt, 1952; Evans, 1964; Pauling, 1967). The electrical 
forces can be primary and secondary valence forces in addi-
tion to the hydrogen bonds. Hydrogen bonds develop when a 
hydrogen atom bonded to an electronegative atom attracts 
another electronegative atom such as oxygen, nitrogen, or 
fluorine and forms a weak bond with it. Such bonds exist 
between the molecules of water and also between the basic 
units of kaolinites (Wieckowski and Wiewiora, 1976). 
The primary valence forces such as ionic, covalent, 
and heteropolar bonds are responsible for holding the atoms 
of the mineral unit together. Ionic and heteropolar bonds 
connect electrically unsymmetrical atoms, and the units 
will act as dipoles, attracting or ~epelling other dipoles. 
Another type of primary valence force is the electrostatic 
attraction or repulsion between charged particles. 
Secondary valence forces are weaker but act over 
larger distances than do primary valence forces or hydrogen 
bonds. They are produced by electrical moments that exist 
within units of the mineral. Like the primary forces, the 
secondary forces also attract or repel other dipoles, but 
the net effect is always attraction. 
PERMANENT AND pH DEPENDENT CHARGES 
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The charges within the kaolin unit cell are balanced, 
but negative surface charges arise fro~ isomorphous substi-
tution within the silica tetrahedron unit. The substitu-
tion is one aluminium ion for every four-hundredth silicon 
ion (Lambe and Whitman, 1979). Available cations will neu-
tralize the surface charge by gathering around the surface 
of the mineral particle. Besides the permanent negative 
charge on the kaolin surface, there exist pH dependent 
charges at the broken ends of the mineral. When the pH is 
higher than 8, Si(OH) at the edges of the tetrahedral lay-
ers will dissociate and a negative end charge will result. 
In a neutral or acidic solution, the clay platelets become 
bipolar by developing positive end charges because of ab-
sorption of protons at the edges of octahedral layers 
(Schofield and Samson, 1953). 
CLAY-WATER SYSTEM 
Water in a clay-water system can exist as adsorbed 
water, as double-layer water, and as capillary water in the 
soil pores. In the soil-water system, the neutralizing 
cations are removed from the surface of the kaolin by a 
layer of adsorbed water. The cations will diffuse around 
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the mineral particle and together with the negative surface 
charge of the plate, will form the electrical double-layer 
(Figure 1). 
mineral--...J 
particle 
++1++ 
+1+++ 
+++++ 
++++• 
1 + + 1 ~adsorbed water 
k~~ diffused layer ------- electrical double layer 
..::::::::::: 
Figure 1. Ion distribution and double layer formation. 
Water molecules are bipolar, are attracted to the 
negatively charged clay surfaces and will be adsorbed. The 
molecules of the adsorbed water are arranged in a hexagonal 
network around the mineral grain and act as "crystalline" 
water. Only some of the hydrogen atoms of the water mole-
cules take part in the bonding within the hexagonal net-
work; the rest tie the water to the surface of kaolinite 
(Hendricks and Jefferson, 1938). The negative surface 
charge of kaolin strongly holds the water to its surface, 
but farther away, the linkage is weaker. 
The thickness of the double-layer is a function of 
the size of hydrated ion, ion valency, electrolyte concen-
tration, and pH of the soil-water system. A thin double-
9 
layer forms if the size of the hydrated ion is small. Di-
valent cations are more attracted to negative surfaces than 
monovalent cations (Taylor, 1959) and will form a thin dou-
ble-layer. Increased electrolyte concentration also re-
sults in a thin double-layer formation. Since the net 
charge on kaolins decreases with decreasing pH, the acidic 
environment, too, favors the formation of a thin double-
layer. 
The electrical potential of the double-layer has been 
expressed by Gouy and Chapman and has been modified by 
Stern {1924). When kaolin particles approach each other 
and their potential energy is reduced, the particles aggre-
gate and will flocculate, according to Bolt (1955). If, 
however, the double-layers of the approaching kaolins over-
lap, repulsive forces will dominate and the clay will be 
dispersed. Since low pH environment and increased electro-
lyte concentration favor the formation of relatively thin 
double layers, acidic condition and salt concentration 
helps to initiate flocculation. 
PARTICLE ARRANGEMENT 
Natural soil deposits are arranged either in floc-
culated or in dispersed structures. Dispersed soils devel-
op when the net electrical forces between particles are re-
pulsive at the time of formation, while flocculated soils 
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form when the same forces are attractive. Flocculated 
structures can be either non-salt or salt flocculated. 
Non-salt type flocculation developes when electrostatic 
forces act between the negatively charged surfaces and the 
positive ends of the particles. Loose, open type structure 
results where the particles are perpendicular to each other 
(Figure 2a). Salt type flocculation maintains the surface-
to-edge connection of the mineral flakes, but the perpen-
dicular orientation will change to random orientation with 
individual particles forming parallel domains (Figure 2b). 
In a dispersed network, the kaolin flakes are oriented in a 
face-to-face structure (Figure 2c) • 
a. Non-Salt 
Flocculation 
b. Salt 
Flocculation 
c. Dispersion 
Figure 2. Soil ~tructures of clay minerals in soils. 
COMPACTION 
Compaction establishes a relationship between the 
density and the water content of a soil. This relationship 
11 
is expressed as a bell-shaped curve (see Figure 17 for ex-
amples) where the water content is the abscissa and the 
density is the ordinate. During compaction, energy is put 
into the soil to increase its density and shear strength 
and to decrease its shrinkage, permeability, and compress-
ibility. The input of energy to the soil depends on the 
compaction method used; higher compactive effort results in 
higher density at a lower water content. 
Lambe (1958a) used the physico-chemical approach to 
explain compaction of clay soils. At a low water content, 
the electrolyte concentration of the soil is high, which 
results in reduced double-layer formation and increased in-
terparticle attraction. As a result, flocculated soil 
structure develops with disoriented particle array, high 
void ratio, and low density. The shear strength of this 
clay is high, but only at low strains, and can undergo only 
small deformation without failure. As the water content 
increases, the electrolyte concentration decreases and the 
double-layer expands. This results in the increase of in-
terparticle repulsion, more oriented particle arrangement, 
and increased density. The water which has been added to 
the clay serves as a lubricant to aid particle orientation 
and replaces air from the voids of the soil mass. This 
procedure continues until the optimum moisture content is 
reached where the soil exists in its densest condition. 
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The addition of more water to the system further enhances 
particle orientation and a dispersed structure developes. 
However, the density will have no further increase, but 
will be reduced, instead, because a high degree of satura-
tion has been reached, and water occupies space that could 
be filled with soil. The shear strength of soils compacted 
on the wet side of the optimum moisture content is lower, 
but can undergo large deformation without failure. 
Olson (1963) does not think that water added to clay 
acts as a lubricant. He feels that during compaction, the 
effective stress, ~, 
where 
(S = 6- Uw(X) - Ua(l-X.) •••••••••••••••••• (l) 
6 = normal stress 
uw = pore water pressure 
ua = pore air pressure 
X =empirical coefficient (Bishop, 1961)) 
is reduced by the development of pore pressures which re-
duce the shearing strength of the interparticle contacts. 
This allows the particles to slide over one another. How-
ever, McRae and Turnbull (1963) could not establish a trend 
of effective stress reduction with increasing water con-
tent. 
MINERAL IDENTIFICATION BY X-RAY DIFFRACTION ANALYSIS 
A close relationship exists between the atomic struc-
13 
ture and the chemical composition of minerals which enables 
a mineral to be identified by measurement of its atomic 
structure. The spacing of atomic planes of an unknown 
crystal can be determined by X-ray diffraction analysis. 
This method employs an X-ray beam of known wavelength which 
is diffracted by the atoms of the unknown crystal. The an-
gle of diffraction is measured by the diffractometer and 
the Bragg equation allows the computation of the unknown 
spacing: 
n~ = 2d sin Q •••••••••••••••••••••• (2) 
where n = order of diffraction 
A = known wavelength of diffracted X-ray 
d = spacing of atomic planes 
Q = diffraction angle. 
Each mineral has its own characteristic intensity 
pattern when subjected to X-ray diffraction analysis. How-
ever, many of the clay minerals may have similarities which 
complicate their identification. Therefore, the clay sam-
ples are subjected to special treatments such as heat 
and/or organic liquid applications to further their identi-
f ication. 
Kaolinite has characteristic first basal (d001 ) and 
second basal (d002 ) reflections at 7.lSA and 3.56A respec-
tively (Brindley, 1961). In well crystallized kaolinite, 
the reflections are strong and distinct but when the miner-
14 
al is poorly crystallized, the reflections will be broad 
and weak. The first basal spacing of a fully hydrated hal-
loysite is at 10.lA and the third one (d003 ) is at 3.75A. 
It also has a d002 reflection at sA, but it is seldom 
strong enough to be observed. As mentioned earlier, hy-
drated halloysite loses the interlayer water readily at 
temperatures as low as 15 degrees Celsius and collapses 
from its 10.lA first basal spacing to the 7.lSA reflection 
of kaolinite. Since dehydrated halloysite still contains a 
small portion of interlayer water in its air-dried state 
(approximately every fourth layer contains one molecular 
layer of wat~r), the collapsed d001 reflection will be 
broad, weak, and indistinguishable from the basal spacing 
of the poorly crystallized kaolinite. When treated with 
organic liquids, kaolinite remains unaffected unless it has 
been subjected to very specific intercalation reactions 
(Wada, 1961; Alietti, 1966; Wiewiora and Brindley, 1969; 
Lee and others, 1975; Jackson and Abdel-Kader, 1978), while 
halloysite readily replaces the interlayer water with or-
ganic liquids (Grim, 1953). Even dehydrated halloysite may 
rehydrate in the presence of selected organic molecules. 
ORIGIN OF KAOLINS 
Clay minerals are the product of weathering and their 
formation is environmentally controlled. Different clay 
minerals can form from the same parent rock under differing 
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weathering conditions. When a feldspar rich rock weathers 
under poor drainage conditions, the released magnesium, po-
tassium, or calcium will stay within the system and mont-
morillonite or illite will form (Grim, 1953). From the 
same parent material, kaolinite develops if adequate water 
is available and good drainage has been provided for the 
removal of the dissolved alkali metals. The same soil 
clays might develop from rocks of a different composition. 
Time is a aignif icant factor in these processes which will 
influence the mineral composition of the weathered materi-
al. If, for example, the removal of alkalis from a rock is 
slow, first montmorillonite develops and kaolinite will 
form only at a later weathering stage. 
The alteration of rocks may be due to the actions of 
descending surface waters or ascending hot waters. The pH 
of these waters is important in the formation of weathering 
products. The pH itself of the percolating water is influ-
enced by the climate and the vegetation. In warm, humid 
conditions with altering wet and dry seasons, the organic 
material will be oxidized and the downward moving waters 
will be alkaline. The silica is removed from the soil, 
aluminium and iron are left behind, and kaolins or lateric 
soils will form. In colder and more temperate climates, 
the organic materials are not fully oxidized and the down-
ward seeping waters contain organic acids which will dis-
solve and carry away iron and aluminium to a lower soil 
horizon, and only silica will be left behind. 
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In the Pacific Northwest, kaolin minerals might form 
from basalt under conditions of a wet climate, good drain-
age, and acidic conditions (Trimble, 1963). The progres-
sive stages of weathering can be represented first by an 
amorphous phase which, in time, will alter to halloysite. 
The halloysite, in turn, might change to kaolinite, which, 
with continued weathering, could alter to laterite. As a 
result, the weathering product within one geologic deposit 
might not be uniform, but could be the mixture of different 
clay minerals as has been suggested by Keller and Haenni 
(1978). 
Kaolins can be authigenic and remain at the site 
where the weathering took place, or they could be trans-
ported by water, wind, or ice and redeposited in a new en-
vironment. Kaolins also occur as hydrothermal alteration 
products in the argillaceous alteration zone around sulfide 
veins. 
CHAPTER III 
SHEAR STRENGTH 
THEORY 
One of the main concerns of soil scientists is the 
understanding of the shear strength of clays in order to 
predict or prevent landslides, creep, or construction fail-
ures. 
Shear strength of a clay is the force which causes 
movement between adjacent soil particles. It can be ex-
pressed by the Coulomb equation: 
r = c + 0 tan ~ •••••••••••••••••••••• (3) 
where t = shear strength 
c = cohesion 
S = effective normal stress 
~ = friction angle. 
Terzaghi (1936) expressed the value of the effective normal 
stress for saturated soils as: 
Uw • • • • • • • • • • • • • • • • • • • • • • • • • • • ( 4) 
where 6 = effective normal stress 
6 = total normal stress 
uw = pore pressure. 
According to Bishop (1961), for unsaturated soils: 
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fl'= 6' - uw{Jl) - ua (1-X.) ••••••••••••••••••• (5) 
where S = effective normal stress 
o = total normal stress 
uw = pore water pressure 
ua = pore air pressure 
~ = coefficient: X{saturated soil) = 1 
~{dry soil soil) = 0 
Different laboratory testing methods are available 
for shear strength measurements {Lambe, 19511 Bowles, 
1970). In this study, the unconfined compression tech-
nique, which measures the compressive strength of a later-
ally unsupported {b3 = 0) cylinder of soil, has been used. 
The test is a "quick" or "undrained" method which does not 
measure the pore water pressure. Calculation of the shear 
strength is based on the assumption that the angle of in-
ternal friction, ~' is equal to zero for cohesive soils 
{Bowles, 1970). When~= O, equation (3) will change to 
't' = c ••••••••••••••••••••••••••••• (6) 
and the shear strength is equal to the cohesion. From the 
Mohr's circle construction {see Figure 3), the cohesion, c, 
is equal to one half of the maximum compressive strength. 
't' = c = ~ (7) 2 • • • • • • • • • • • • • • • • • • • • • • • • 
where the maximum compressive strength, qu, is equal to 
qu Maximum Normal Load 
=Cross Sectional Area of Soil Sample·········<8> 
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t' = shear strength 
c = cohesion 
qu = maximum compressive 
strength = 6'1 
6' 1 = major principle stress 
03 = minor principle stress 
Normal stress = 0 
Figure 3. Mohr's circle for unconfined compression test. 
The development of the shear strength of a cohesive 
soil is influenced by the acting electrical forces within 
the clay, the particle spacing and orientation, the nature 
of the soil-water system, the applied external forces, and 
the geologic history of material (Lambe, 1958b; Ingles, 
1968). 
The electrical forces between particles are attrac-
tive {van der Waals, electrostatic) and repulsive (electro-
static) forces. Another electrical repulsive stress is the 
contact pressure which might be caused by forces acting ei-
ther within or without the soil system {Lambe, 1958b). In-
creased attraction, increased contact pressure, and reduced 
repulsive force will increase the shear strength of soils. 
The effect of particle spacing reduction on the shear 
strength depends on whether or not the electrical forces 
will be attractive or repulsive. In the case of compacted 
20 
clays, reduction in spacing causes the increase of contact 
pressure resulting in the increase of shear strength. 
The effect of particle orientation on the shear 
strength of soil is such that less force is required to 
slide one particle over another when the clay flakes are 
oriented in a parallel array instead of a random arrange-
ment. Therefore, the flocculated structure with its random 
edge-to-face orientation has a higher strength (Warkentin 
and Yong, 1962) than the dispersed structure does; also, 
the electrostatic attraction of the edge-to-face connection 
of the flocculated clays contributes to the higher shear 
strength of these soils. 
The nature of the soil-water system will influence 
the electrical forces that exist within the system. Any 
condition -- such as increased electrolyte concentration 
and ion valency or low pH value of the pore fluid and small 
size of the hydrated ion -- which favors the depression of 
the double-layer formation will decrease particle repul-
sion, which, in turn, increases shear strength. The quan-
tity of water available to the soil-water system also in-
fluences the shear strength of the mineral. If not enough 
water has been provided to the system, and the particles 
cannot satisfy their double-layer requirement, then tension 
will develop in the pore water which increases intergranu-
lar pressure and increases the undrained shear strength of 
the clay. On the other hand, the soil decreases its 
strength when more water is added to the system than re-
quired by the clay-water equilibrium. 
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External forces alter the orientation and spacing of 
particles which will influence the electrical forces and 
the shear strength. In dispersed soils there is no miner-
al-to-mineral contact and stresses are transmitted through 
long range electrical forces, while in flocculated soils, 
particle-to-particle contact forces take part in the stress 
transmission. External forces also can cause volumetric 
changes in the soil. Volume reduction increases the pore 
water pressure which lowers the shear strength. Expansion, 
on the other hand, can put tension in the pore water 
(Lambe, 1951), thus increasing intergranular pressure and 
the shear strength. 
ATTERBERG LIMITS AS STRENGTH INDICATORS 
The behavior of soil is related to the amount of wa-
ter the soil-water system contains. Atterberg (1911) de-
fined three stages in terms of "limits." They represent 
water contents at which the soil changes from one state in-
to another. 
The first stage, the liquid limit, has been defined 
as the boundary between the liquid and plastic states; it 
is the water content at which a pat of soil in a brass cup 
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will close a 1 cm deep groove when dropped from a height of 
1 cm 25 times. There is a linear relationship between the 
water content and the logarithm of the number of blows 
(drops). Therefore, if three or four points are determined 
at different water contents, together with the correspond-
ing blow counts, they will define a straight line on the 
"flow curve." The flow curve is a graph which is produced 
when the water content is plotted as the ordinate and the 
logarithm of the number of blows as the abscissa. The line 
on the graph will indicate the liquid limit as the water 
content that corresponds to the blow count of 25. 
The second stage, the plastic limit, has been defined 
as the boundary between the plastic and semi-solid states; 
it is the water content at which a thread of clay 3 mm in 
diameter starts to crumble. 
The third stage, the shrinkage limit, is the boundary 
between the semi-solid and solid states. It is defined as 
the water content below which no volume change takes place 
with change in water content. The shrinkage limit, ws, is 
calculated from the equation 
-~ ~ Ws - Ws - Gs······················· (9) 
where ~w = unit weight of water 
V = volume of a dry soil pat 
Ws = weight of a dry soil pat 
Gt = specific gravity of water 
Gs = specific gravity of soil. 
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The liquid and plastic limits can be used as indica-
tors of the shear strength of soils. These limits will not 
yield a numerical value for shear strength which could be 
used in engineering calculations, but they allow soils to 
be compared at their limits and inferences might be made 
concerning their general behavior. For example: when soils 
at equal plasticity index -- which is equal to the liquid 
limit minus the plastic limit -- are compared, the soil 
with increasing liquid limit will have the lower dry 
strength and toughness (resistance to molding at plastic 
limit). When soils at equal liquid limits are compared, 
the one with increasing plasticity index will have the 
higher dry strength and toughness. When comparing soils at 
equal plasticity index but with different flow indices 
(slope of flow curve), the soil with the largest flow index 
will have the lowest shear strength. 
At the liquid limit, the soil has a low shear 
strength and the 1 cm deep groove in a soil pat will be 
closed by 25 blows. Casagrande (1932) found that each blow 
that causes the closure of the standard groove corresponds 
to a shear strength of 1 gm/cm 2 • Therefore, at the liquid 
limit, soils have a shear strength of approximately 
25 gm/cm~. 
CHAPTER IV 
LABORATORY INVESTIGATION 
MATERIALS 
Both halloysite and kaolinite were obtained from 
Ward's Natural Science Establishment Incorporated, Roches-
ter, New York. The halloysite is from Dragon Iron Mine, 
Eureka, Utah, and is hydrothermal in origin. The mine is 
located along the contact between the Tertiary rnonzonite 
intrusive and Ordovician Ajax limestone. The halloysite 
itself is within the argillic alteration zone and has been 
identified as #13 in Reference Clay Minerals, American Pe-
troleum Institute Research Project 49 (Kerr and Kulp, 
1949). The halloysite shipment consisted of a lustrous, 
well cemented, porcelain-like material and a loosely ce-
mented, stained, porous type that could be pulverized eas-
ily. 
The kaolinite is from Twiggs County, Georgia, but 
the exact geographical position where the mineral was tak-
en from is not known. The mineral is white, massive, po-
rous, medium hard, and contains some mica. The Cretaceous 
kaolins of Georgia are sedimentary in origin. They are 
the alteration product of the feldspathic crystalline 
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rocks of the Piedmont Plateau which underwent considerable 
chemical weathering in pre-Cretaceous time. After the 
Cretaceous uplift of the plateau, the authigenic kaolins 
were transported and redeposited on the coastal plains of 
Georgia and South Carolina (Kerr and Kulp, 1949). 
The soil clays for this study were collected within 
the Washington Park area of Porland, Oregon. Detailed 
geological setting of Portland is given by Trimble (1963) 
and several consulting firms (e.g. Shannon and Wilson In-
corporated, 1969; Dames and Moore, 1975) provide subsur-
face information about the area. The bedrock is the Co-
lumbia River basalt, which, in places, has been weath-
ered to a hard, bright-red, eolithic or pisolithic later-
ite, or to a softer, earthy laterite which may contain 
hard nodules or rock fragments. At some locations, weath-
ered basalt is overlain by stiff, reddish-brown, silty 
clay and red clay with occasional pebbles. This unit was 
tentatively identified as the Helvetia formation by Shan-
non and Wilson Incorporated (1969). The Portland Hills 
Silt overlies the Helvetia formation or the weathered Co-
lumbia River basalt. 
The sampling sites are located in TlS, RlE, Sec. 5. 
Excavation in 1980 for the foundation of the Harold A. Mil-
ler Hall of the Western Forestry Center exposed several 
soil horozons. At the northwest corner of the excavation 
site, the gray-brown Portland Hills Silt is approximately 
one meter thick and is underlain by a stiff, brick-red, 
silty clay of undetermined thickness. The red clay con-
tains soft, black, rounded or rectangular impressions of 
carbonatized material. Grayish inclusions a· few centime-
ters in diameter also exist within this clay and display 
fabric of the weathered basalt. 
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A pocket-like inclusion two to three meters long and 
approximately two meters thick, consisting of reddish-brown 
weathered basalt with soft, yellow mineraloids exist be-
tween the Portland Hills Silt and the brick-red silty clay. 
The clay soil, OMSI-2, was collected from this pocket-like 
inclusion, while OMSI-4 was taken from the brick-red weath-
ered basalt from the lower section of the excavation pit, 
one half meter below the pocket-like inclusion (Figure 4) • 
The soil clay, WP-2 -- tentatively identified as a 
member of the Helvetia formation -- was collected 22 years 
ago, approximately 250 meters to the southeast of the above 
described excavation site. The soil was part of the fail-
ure plane of the Washington Park-Zoo-OMSI landslide (Janu-
ary 14, 1959). The soil is a cream colored, mottled, fine 
grained, silty clay with hard, dark-red concretions of non-
uniform size (Figure 5) • 
27 
Figure 4. Location of soil clays OMSI-2 and OMSI-4. 
28 
Figure 5. Soil clay WP-2. 
PREPARATION OF CLAY MINERALS AND SOIL CLAYS 
Both minerals and soil clays were air-dried, then 
hand pulverized in an iron mortar and passed through a set 
of ASTM sieves. The portion that passed through the 80 
mesh size was used for the experimentations, although some 
testing was also performed on that portion which was re-
tained on the 80 mesh sieve. Kaolinite had a tendency to 
cake up during sieving, and the 42 mesh sieve was the fin-
est the kaolinite passed through. However, hydrometer 
analysis on the clays indicated (Figure 6 through 8) that 
the size fraction of the kaolinite that passed through the 
E-i
 1
00
 
:I:
 
(.!
) 
H
 ~
 
80
 
~
 
>
t '°
 
60
 
ix:
 
~
 
z H 
40
 
f:r.i
 
E-i
 
z ~
 
20
 
()
 
ix:
 
~
 
P-4
 
M
IT
I 
S
A
N
D
 
I 
S
IL
T
 
I 
C
L
A
Y
 
;:
n~
. 1 
M
ED
IU
M
 
1 
FI
N
E 
1 
c
C
M
SE
 
1 
M
ED
IU
M
 
1 
FI
N
E 
1 
CQ
1.\R
SE
 
1 
M
ED
IU
M
 
1 
FI
N
E 
1 
tio
n 
A
 
4 
~,
~ •• 
~
 
HY
DR
CM
ET
ER
 A
NA
LY
SIS
 
0 
H
-1
3-
A
: 
ha
ll
oy
si
te
 (
..::8
0 
m
es
h) 
GJ
 
H
-1
3-
L:
 h
al
lo
ys
it
e 
(>8
0 
rr
es
h) 
•
 
'!W
K-
A:
 k
ao
li
ni
te
 (
£4
2 
rr
es
h) 
+
 
'IW
K-
L:
 k
ao
li
ni
te
 (
~4
2 
rr
es
h) 
SI
EV
E 
AN
AL
YS
IS 
A 
H
-1
3-
L:
 h
al
lo
ys
it
e 
(>8
0 
rr
es
h) 
0.
1 
0.
01
 
P
A
R
T
IC
L
E
 
D
IA
M
E
T
E
R
 
(~
) 
0.
00
1 
F
ig
ur
e 
6.
 
G
ra
in
 s
iz
e 
d
is
tr
ib
u
ti
o
n
 o
f 
h
al
lo
y
si
te
 a
n
d 
k
ao
li
n
it
e.
 
0.
00
01
 
N
 
"°
 
M
IT
 I
 
S 
A
 
N
 
D
 
I 
S 
I 
L 
T 
I 
C 
L 
A
 
Y
 
;/~,
~~J 
M
ED
IU
M
 
I 
FI
N
E
 
I 0
0\
R
SE
 
I 
M
ED
IU
M
 
I 
FI
N
E
 
I 
00
\R
SE
 
I M
ED
IU
M
 
I F
IN
E
 I 
ho
n 
E-t
 
10
0 
.
 
~
 
~
 
H
 ~
 
~
 
)i
 
Ill
 
0::
 
~
 
z H ~
 
E-t
 
z 
80
 
60
 
40
 
~ 
20
 
u
 
-
-
.
 ..
.
.
 
+~+.
....
..__
 
.
.
.
.
.
.
.
.
.
.
.
.
 +
...
...
...
_+
 
LE
GE
ND
 
l3
 
'l"W
K-
B:
 
(k
:h
=3
: 1
) 
A 
'.
M
<-
C:
 
(k
:h
=l
:l)
 
+
 
'.
M
<-
D
: 
(k
:h
=l
: 3
) 
HY
DR
CJ
.'1E
.TE
R 
A
N
A
LY
SI
S 
u
 0::
 
~
 
111
 
0 
I 
I 
1.
0 
0.
1 
0.
01
 
0.
00
1 
P
A
R
T
IC
L
E
 
D
IA
M
E
T
E
R
 
(~
) 
F
ig
ur
e 
7.
 
G
ra
in
 s
iz
e 
d
is
tr
ib
u
ti
o
n
 o
f 
s
y
n
th
et
ic
 m
ix
tu
re
s.
 
0.
00
01
 
w
 
0 
E-t
 
t:C
 
(.!)
 
M
IT
I 
S
A
N
D
 
I 
S
IL
T
 
I 
C
L
A
Y
 
i!ft
~~.I
 
M
ED
IU
M
 
I 
~.,
INE
 
I C
~
E
 
I 
M
ED
IU
M
 
I 
~,J
.NE
 
I 
c
m
R
SE
 
I M
ED
IU
M
 
I F
IN
E 
I 
tf
o
n
 
H
 
10
01
 
.
.
.
.
.
.
 
I 
&
...
:::
: 
µ:
:i ~
 
~
 
~
 
~
 
µ::
i 
z H ~
 
µ:
:i (.!)
 
,.
::t: E-t
 
z µ::
i 
u
 ~
 
µ::
i 
A
. 
80
 
60
 
40
 
20
 
0.
1 
HY
DR
CM
lfl'E
R 
AN
AL
YS
IS
 
·~
-~
. 
LE
X,
"a
ID
 
<:>
 
W
P-
2:
 
s
o
il
 h
al
lo
ys
it
e 
+
 
CM
5I
-2
: 
s
o
il
 m
ix
tu
re
 (
k:
h=
l:l
) 
•
 
CM
SI
-4
: 
s
o
il
 m
ix
tu
re
 {
k:
h=
l:4
) 
0.
01
 
P
A
R
T
IC
L
E
 
D
IA
M
E
T
E
R
 
{
~
 
0.
00
1 
F
ig
u
re
 
8.
 
G
ra
in
 s
iz
e 
d
is
tr
ib
u
ti
o
n
 o
f 
s
o
il
 c
la
y
s.
 
0.
00
01
 
w
 
.
.
.
.
.
.
 
32 
42 mesh sieve was actually finer than the portion of hal-
loysite or soil clays which was finer than the 80 mesh 
size. Thus it is assumed that the size fractions of min-
erals and soils are comparable. 
Samples are labeled in the following manner: 
H-13-A: 100% halloysite (finer than 80 mesh sieve) 
H-13-L: 100% halloysite (retained on 80 mesh sieve) 
TWK-A 100% kaolinite (finer than 42 mesh sieve) 
TWK-L 100% kaolinite (retained on 42 mesh sieve) 
TWK-B : 75% kaolinite and 25% halloysite 
TWK-C 50% kaolinite and 50% halloysite 
TWK-D 25% kaolinite and 75% halloysite 
WP-2 soil clay: halloysite 
OMSI-2: soil clay: approximately 50% halloysite and 50% 
kaolinite 
OMSI-4: soil clay: approximately 80% halloysite and 20% 
kaolinite. 
Synthetic mixtures TWK-B, TWK-C, and TWK-D were pre-
pared using finer than 80 mesh halloysite and finer than 42 
mesh kaolinite size fractions. 
Unless otherwise specified, all data will refer to 
clays whose size fraction is finer than 80 mesh or 42 mesh. 
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COMPACTION AND TEST SPECIMEN PREPARATION 
Samples for the unconfined compression analysis were 
prepared in the Soil Testing Laboratory of Rittenhouse -
Zeman and Associate by using Soiltest's Harvard Miniature 
Compactor (Figure 9). The mold of the device is 7 . 15 cm 
long and its inside diameter is 3 . 33 cm . The length to di-
ameter ratio is 2 . 15 which satisfies the size requirement 
of 2 ...:::t / d" 3 of the unconfined compression test specimen. 
Figure 9. Harvard Miniature Compactor and balance 
used for density determination . 
The first set of five to six samples of the minerals 
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and clays were used to establish moisture-density relation-
ships and to determine the optimum dry densities and water 
contents. Each sample was made from the mixture of 110 gm 
of dry, pulverized, sieved clay and various amounts of wa-
ter. The clay-water mixture was allowed to stand for 24 
hours in a glass jar and then compacted in the Miniature 
Compactor in four layers with 25 tampings from the 30 pound 
spring compactor on each layer. The weight of the compact-
ed sample was recorded. The leftover clay-water mixture 
was transfered into a small container and weighed. 
The compacted sample was extruded from the mold, 
tightly sealed in a plastic wrap, then sealed in aluminium 
foil and in a ziplock sandwich bag. The sample was placed 
in a cardboard box and cured for 48 days in an unheated 
room where the temperature ranged between 13 and 16 degrees 
Celsius. 
The container with the leftover clay-water mixture 
was placed in the oven for 24 hours at 120 degrees Celsius. 
Upon removal from the oven, the container and clay were 
cooled in a dessicator, after which the dry weight of the 
clay was measured. 
The water content of a soil mass is defined as the 
ratio of the weight of water to the weight of dry soil 
grains in the mass: 
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w% = ( Wwet-Wdr:t: ) •••••••••••••••••• (10) Wary 
where w% = percentage water content 
Wwet = wet weight of soil 
Wary = dry weight of soil 
The density of a soil mass is the weight of soil 
grains per unit volume of soil mass: 
(( d = V ( i1+w) • • • • • • • • • • • • • • • • • • • • • • • • • ( 11 ) 
where ta = compacted dry density of soil 
W = total weight of compacted soil 
V = volume of compacted soil 
w = water content 
Other calculations included the computation of the 
void ratio and the degree of saturation of the clays. The 
void ratio, e, is the ratio of the volume of voids to the 
volume of solid grains of a soil mass. It is calculated 
from the equation 
where 
Giwv 
e = -W- - 1 ••••••••••••••••••••••• ( 12) 
s 
G = specific gravity of soil grains 
~w = unit weight of water 
V = volume of soil mass 
Ws = dry weight of soil gains 
The degree of saturation, s, is the ratio of the volume of 
water in the soil voids to the total volume of the voids. 
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It is calculated either from the equation 
S = Ww (13) ...,.-:-:-- ......................... . 
owVv 
or 
S = Gw • • • ••• • • • • • • • • • • • • • • • • • • •• • • • ( 14) e 
where Ww = weight of water in soil 
tw = unit weight of water 
Vv = volume of voids 
G = specific gravity of soil grains 
w = water content of soil. 
In this thesis, equation (14) was used to compute the value 
of the percentage saturation of the clays. 
Compaction curves for the minerals, synthetic mix-
tures, and soil clays were established by plotting water 
contents as abscissas against densities as ordinates. The 
optimum water content was obtained for the clays from these 
graphs as the amount of water which produced the maximum 
weight of soil per volume or optimum density. 
To provide an adequate number of samples (at least 
three or four) for shear strength correlation, additional 
samples were prepared to yield the optimum conditions indi-
cated above. When the air-dried halloysite, synthetic mix-
tures, and soil clays were mixed with water of predeter-
mined weight to yield optimum density, it resulted in com-
pacted samples of a higher than optimum water content and a 
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lower than optimum density. Since this problem was not ex-
perienced with the pure kaolinite mineral, the "residual" 
interlayer water in the halloysites was suspected to cause 
the deviation between the expected and actual optimum val-
ues. To determine the amount of "residual" interlayer wa-
ter, the clays were subjected to dehydration analysis. The 
result of the analysis is plotted in Figures 10 and 11; 
they indicate the water content of the clays in terms of 
weight loss (ordinate) at increasing temperatures (abscis-
sa). Since the water content determination requires oven 
drying (120 degrees Celsius in this study) of the clay sam-
ples, the amount of water necessary to achieve optimum wa-
ter content was reduced by the percentage weight loss at 
120 degrees Celsius indicated by the dehydration curves. 
This procedure yielded compacted samples which approached 
optimum moisture content and density. A total of 106 com-
pacted specimens were prepared for unconfined compression 
analysis (Table 1). 
UNCONFINED COMPRESSION ANALYSIS 
The unconfined compression analysis was carried out 
in the Testing Laboratory of the USDA Forest Service, Re-
gion 6, on a MST Computer CQntrolled Servohydraulic Closed 
Loop Testing Machine (Figure 12). The device, when used in 
compression analysis, measures the change in length of the 
test specimen. The strain, which is expressed as the 
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length of change per original length of the sample, is due 
to the compression applied vertically to the specimen. The 
compression was applied in a manner as to produce axial 
strain at a rate of one half to two percent per minute. 
The rate of strain was regulated so that the failure time 
of the specimen did not exceed 10 minutes. This meant that 
the clay which was compacted on the wet side of the optimum 
water content and which underwent large deformation needed 
to be tested at a higher rate of strain than the one com-
pacted on the dry side of the compaction curve which under-
went smaller deformation. 
Sample 
H-13-A 
TWK-A 
TWK-B 
TWK-C 
TWK-D 
WP-2 
OMSI-2 
OMSI-4 
H-13-L 
TWK-L 
TABLE 1 
IDENTIFICATION OF ONE HUNDRED AND SIX 
COMPACTED SPECIMENS 
No of Samples Sample description 
12 halloysite (.c:SO mesh) 
14 kaolinite (-.c4 2 me sh) 
10 mixture: k:h=3:1 
15 mixture: k:h=l:l 
9 mixture: k:h=l:3 
16 soil halloysite 
4 soil mixture: k:h=l:l 
12 soil mixture: k:h=l:4 
7 halloysite (.,..80 mesh) 
7 kaolinite (>42 mesh) 
The testing device was connected to a chart recorder 
which plotted the change in length {inches) of the sample 
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Figure 12. MST Computer Controlled Servohydraulic 
Closed Loop Testing Machine used for unconfined com-
pression analysis . 
on the horizontal scale and the applied force (pounds) on 
the vertical scale . The load cell of the machine regulates 
the applied compression. During the early part of testing, 
the specimens were sheared under a 500 pound load cell 
which was used at 20% of its capacity all owing the test 
samples to be compressed to 100 pounds . The cha r t recorder 
scale was set to give 1"=10 pounds for the vertical and 
l"=O . l inch for the horizontal scale . However , when this 
500 pound cell became damaged , it was replaced with a 2000 
pound load cell, which, at a 10% machine setting , gave a 
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maximum loading capacity of 200 pounds. For the 2000 pound 
load cell, the chart recorder scale was 1"=20 pounds. 
Prior to testing, the external dimensions of the sam-
ple were measured and the weight of the sample recorded. 
The sample was placed on the loading platform of the test-
ing apparatus, and the endplate inserted between the sample 
and the loading cell. The loading platform was carefully 
raised until the endplate touched the loading cell. The 
required rate of strain was programmed into the machine, 
the chart recorder pen set at the zero position, and the 
starting time of testing recorded. A digital readout in-
dicated the amount of applied load at any instant while the 
chart recorder plotted on a graph paper the strain vs. load 
curve. While the sample was being sheared, details of the 
failure pattern were studied and correlated to the strain 
vs. load curve. The time of failure was recorded, but the 
loading was continued well beyond failure. Afterwards, the 
loading platform was returned to its original position. 
The sheared specimen was removed from the platform and its 
weight recorded. The sample was dried in the oven for 24 
hours at 120 degrees Celsius, cooled in a dessicator and 
weighed on the scale. The water content, w, was calculated 
as 
Ww 
w = -w-· ..........•...........••.... (15) 
s 
the axial strain, f, as 
43 
E = AL ••••••••••••••••••••••••••••• ( 16) 
Lo 
the average cross-sectional area, A, as 
A = t-oE. . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 1 7 ) 
and the shear stress, r, as 
!':- p 
l. = 2A ••••••••••••••••••••••••••••• ( 18) 
where Ww = weight of water 
Ws = weight of dry soil grains 
AL = change in length of the sample 
Lo = original sample length 
Ao = cross sectional area at the begining of test 
p = compressive force. 
The results of the computations are plotted on graph 
paper with shear stress (kg/cm1 ) as ordinate and strain (%) 
as abscissa. The shear strength of the clay is taken as 
the point of maxima on the stress-strain curve. Where no 
peak stress was observed, the shear stress at 15% strain 
was taken as the shear strength of the sample. 
Because only a limited amount of raw clay materials 
was available, not every test sample was dried in the oven 
in an undisturbed state. Only parts of some samples were 
used for water content determination so that the remaining 
parts could be used for further experimentation and test-
ings. 
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ATTERBERG LIMITS AND INDICES 
Liquid and plastic limit determinations of the clays 
were carried out in the Sedimentary Petrology Laboratory of 
Portland State University. Approximately 100 grams of air 
dried, sieved clay was mixed with distilled water and al-
lowed to cure for 24 hours. After the curing period, a 
small portion (approximately 15 grams) of the mixture was 
used for the plastic limit determination by rolling it out 
on a glass plate to a thread of three millimeters in diame-
ter. The rolling procedure was repeated several times un-
til the three millimeter thread started to crumble. The 
thread was then placed into an evaporating dish and its wa-
ter content -- which is the plastic limit -- was determined 
by the previously described method. 
The remaining portion of the clay-water mixture was 
used for the liquid limit determination. Enough distilled 
water was added to the mixture to form a smooth uniform 
paste. The paste was transfered into the brass cup of the 
liquid limit device and a 1 cm-deep groove was made in the 
clay with the ASTM standard grooving tool. The brass cup 
is so attached to the device that it is allowed to be 
dropped from a height of 1 cm by the turning of a handle. 
The handle is rotated with a speed of two revolutions per 
second until the repeated blows close the groove. The num-
ber of blows needed to close the groove for a distance of 
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1 cm was noted and a representative sample for water con-
tent was taken from the closed part of the groove. The re-
maining paste was removed from the brass cup, re-mixed with 
additional distilled water, and the procedure repeated un-
til four sets of blow-count and water content data were ob-
tained. The water contents plotted as ordinates and the 
blow-counts as abscissas on a semi-logarithem paper defined 
the blow line and the water content at a blow count of 25, 
which is the liquid limit. 
The Atterberg indices are calculated as follows: 
Plasticity index, Ip, 
Ip = w1 - Wp· •••••••••••••••••••••• (19) 
Flow index, If, 
If= slope of flow curve ••••••••••• (20) 
Toughness index, It, 
where 
I - 1'i t - If••••••••••••••••••••••••••••(21) 
w1 = liquid limit 
wp = plastic limit. 
The activity, A, which is the ratio of the plasticity 
index to the percentage of the clay in the soil (Skempton, 
1953) is computed from the equation 
A = Ip (22) percentage of clay in soi1···· 
where Ip = plasticity index. 
The clays were received in their dried state and 
their natural water content -- with the exception of soil 
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clays OMSI-2 and OMSI-4 -- are unknown. Therefore, the wa-
ter plasticity ratio, B, has not been determined. 
B = w ~ Wp •••••••••••••••••••••••• ( 23) 
p 
where w = water content 
wp = plastic limit 
Ip = plasticity index. 
X-RAY DIFFRACTION ANALYSIS 
Sample preparation for X-ray diffraction analysis 
(outlined by Enlows, 1970) has been carried out at Portland 
State University. Approximately 10 gm of the air-dried, 
powdered clay was soaked in water to free it from the solu-
ble salts. The clay was then washed through a 325 mesh 
sieve to seperate the finer sized fractions from the coars-
er ones. The coarse fractions were discarded and the re-
maining suspension was filtered to retain the finer sized 
fraction of the clay. 
Since the soil clays reacted vigorously with acetic 
acid and hydrogen peroxide, the clays were treated to purge 
the carbonates and organic matter from them. The calcium 
carbonate was removed from the clay by soaking it in 0.1 N 
acetic acid until all effervescence ceased. The leachates 
were decanted and the clay was washed through with dis-
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tilled water. The organic matter removal from the soil 
called for soaking the clay for 16 hours in 30% H2 0 2 , then 
boiling it for 15 minutes to remove the peroxide. The 
leachates were decanted, and the soil was rinsed with dis-
tilled water. 
To obtain better X-ray diffractograms, the soil clays 
were also cleansed of iron. Sodium citrate and sodium bi-
carbonate were added to the soil and the mixture was heated 
up to 80 degrees Celsius. Then, Na~s~o~ was added to the 
clay and the mixture was subjected to a steam bath for 15 
minutes. Later, the suspension was centrifuged at high 
speed, and the supernatants were discarded. 
In the next step, the silt size fraction was separat-
ed from the clay size fraction first by dispersing the ma-
terial with sodium carbonate, then by centrifuging the sus-
pension at 750 revolutions per minute for 5 minutes. The 
procedure enabled the silt to settle out and left the finer 
than two micron size fraction in the susoension. The silt ~ 
was discarded and the suspension was centrifuged at 6000 
revolutions per minute for 7 minutes to further divide the 
clay into a 2 to 0.2 micron and into a less than 0.2 micron 
size group. 
The clays were solvated with calcium chloride before 
mounting the clay slurry by suction on porous tiles. For 
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each of the clay minerals and soil clays, three such tiles 
were prepared; one was treated with ethylene glycol, an-
other with dimethyl sulfoxide (DMSO) to detect swelling 
of the clay minerals, and the third was used as a calcium 
solvated mount. Both DMSO and ethylene glycol were applied 
directly on the wet surface of the mounted clay as a thin 
layer coating, while the vacuum pump was still engaged to 
provide suction. The ceramic tiles were dried under the 
heat of a desk lamp for 16 hours. 
The X-ray diffractogram analysis was carried out at 
the Troutdale office of the U.S. Army, Department of Corps 
of Engineers using a Philips-Norelco diffractometer with 
nickel filtered CuK~ radiation at 40 KV. and 20 mA. The 
scanning speed was two degrees 29 per minute from two de-
grees to 30 degrees 29. The wavelength, A, of the Cu~ ra-
diation is l.54050A. The unknown latice spacing, d, was 
obtained from a prepared table which was made up by calcu-
lating the "d" spacings for varying diffraction angles by 
using Bragg's equation (equation (2)). 
CHAPTER V 
DATA PRESENTATION AND INTERPRETATION 
DATA PRESENTATION 
The results of the X-ray diffraction analysis, com-
paction analysis, unconfined compression testing, Atterberg 
limit determination, and statistical calculations are list-
ed in Tables II through VIII in Appendix A. The data is 
presented graphically in Figures 13 through 25 and also in 
Appendix B in Figures lA through lSA. Table II shows the 
results of the X-ray diffraction analysis of halloysite, 
kaolinite, synthetic mixtures, and soil clays; it lists the 
basal spacings of the primary and secondary refractions of 
the calcium solvated, ethylene glycolated, DMSO and heat 
treated specimens and indicates the clay mineral contents 
of the samples. The estimation of the clay mineral content 
was based on the ratios (kaolinite:halloysite) of the peak 
areas of the primary reflections of the DMSO treated sam-
ples (see X-ray diffractograrns of Figures 13 through 16). 
Table III enumerates the optimum moisture content and the 
optimum compacted dry density of the pure minerals, their 
synthetic mixtures, and soil clays. The optimum conditions 
were obtained from the compaction curves of the clays (see 
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Figures lA through 9A in Appendix B). To provide visual 
comparison of the optimum conditions of the pure minerals, 
synthetic mixtures, and soil clays, the compaction curves 
were assembled into a single graph in Figure 17. 
The results of the unconfined compression analysis 
are tabulated in Table IV. One hundred and six (106) com-
pacted specimens and their properties are enumerated in 
this table. These properties include water content, com-
pacted dry density (before and after the 48 day curing pe-
riod), saturation, void ratio, strain deformation, and 
shear strength. Calculation of the stress-strain values of 
every specimen was based on the load-strain charts which 
were produced by the chart recorder of the unconfined com-
pression testing unit. Typical examples of these charts 
are shown in Appendix B in Figures lOA and llA. Figure lOA 
shows a chart which was generated when a 500 pound load 
cell was used during the testing; Figure llA displays the 
load-strain relationship using a 2000 pound load cell. The 
stress-strain values are graphically presented as the 
stress-strain curves. The stress is plotted as the ordi-
nate and the strain as the abscissa. The shear strength is 
taken as the maximum shear stress of the sample. To show 
representative samples of these graphs, stress-strain 
curves of the halloysite and kaolinite minerals are includ-
ed in Appendix B in Figures 12A and 13A. Numbers along the 
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curves indicate water contents and identification numbers 
for the specimens. Figures 18 through 20 are photographs 
of the sheared clay samples. The photographs show typical 
failure patterns and the development of the failure plane 
during the unconfined compression test. Numbers at the 
base of the specimens indicate their water contents and the 
identification numbers of the specimens are shown on the 
upper portion of the samples. Selected halloysite and kao-
linite samples are illustrated in Figure 18, synthetic mix-
tures in Figure 19, and soil clays in Figure 20. 
From the 106 specimens, 34 were selected and used for 
shear strength correlation. These 34 samples were compact-
ed at optimum water content and yielded optimum densities 
in the 83% to 98% saturation range. Table V shows the dis-
tribution of the 34 samples, lists their properties (i.e. 
water content, dry density, saturation, void ratio, strain 
deformation, and shear strength), and indicates the average 
strain and shear strength of halloysite, kaolintie, syn-
thetic mixtures, and soil clays. Table VI is the extension 
of Table V; it lists the percentage of strain deformation 
and the shear strength of the 34 specimens. It also indi-
cates the mean shear strength and strain deformation of the 
clays and the precision of instrumentation of the uncon-
fined compression testing unit. In order to correlate the 
clays, the mean shear strength and strain deformation val-
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ues of halloysite, kaolinite, synthetic mixtures, and soil 
clays were plotted in Figure 21. The strain deformation 
represents the abscissa and the shear strength identifies 
the ordinate on the graph. The precision of instrumenta-
tion is indicated by the length of the horizontal lines 
drawn across the mean strain values of the clays. Figure 
22 shows the relation between the void ratio and shear 
strength of the pure minerals, synthetic mixtures, and 
soil clays. The shear strength is plotted as the abscissa 
and the void ratio as the ordinate. The relationship is 
represented by a straight line on the graph. Figure 23 
shows a linear relationship between the shear strength 
and clay mineral content at optimum moisture content. The 
shear strength represents the ordinate and the percentage 
mineral concentration the abscissa in this graph. The 
precision of the instrumentation is shown by the lengths 
of the vertical lines through the mean values of the shear 
strengths. Numbers displayed next to the plotted "mean" 
shear strengths indicate the number of samples used for 
calculating the mean values. The hatched lines on the 
graph represent the "error region". Both soil clays WP-2 
and OMSI-4 plot within this error region. 
Table VII is a list of the Atterberg limits and in-
dex properties of the pure minerals, synthetic mixtures, 
and soil clays. Beside the liquid and plastic limits, 
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plasticity index, flow index and toughness index, Table VII 
also lists specific gravity, percentage clay content, and 
activity values. Figure 24 shows a non-linear relation be-
tween the liquid or plastic limits of halloysite, kaolin-
ite, synthetic mixtures, and soil clays and their mineral 
contents. On this graph the liquid or plastic limit is 
plotted as the ordinate against the mineral concentration 
as the abscissa. Figure 25 is the plasticity chart on 
which the liquid limit is the abscissa and the plasticity 
index is the ordinate. The Casagrande (1932) "A" line, 
which is used in the Unified Soil Classification System 
(Casagrande, 1948) to subdivide fine grained soils is 
shown in Figure 25 as the line which intersects the abscis-
sa at 20% liquid limit and has a slope of 0.73. The "A" 
line divides the chart into an upper and a lower region. 
All of the tested clays are represented in the lower re-
gion. 
DATA INTERPRETATION 
X-ray Identification 
The diffractograms of the calcium solvated samples 
indicate that the tested clays have a first basal reflec-
tion between 7.2~ and 7.4A and a second basal reflection in 
the vicinity of 3.6A. The reflections of halloysite H-13-A 
(Figure 13a) are weak and broad in character and could be 
mistakenly identified as poorly crystallized kaolinite 
34 30 21 22 18 14 10 2 
DEGREES 2 8 
Figure 13. X-ray diffractograms of halloysite (a) 
and kaolinite (b). 
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while the reflections of the pure kaolinite (Figure 13b) 
are strong and distinct, indicating a well crystallized 
mineral. Diffractograms of the calcium solvated synthetic 
mixtures are deceiving. A mixture in proportion of k:h=3:1 
(Figure 14) yields a diffractogram almost indistinguishable 
from that of the pure kaolinite. Even the 1:1 mixture 
(Figure 15a) gives no indication of the presence of halloy-
site. 
Ethylene glycol treatment of the clays did not result 
in a significant change of the diffractograms, indicating 
that glycolation is not a successful treatment for delin-
eating kaolin minerals. 
The DMSO treatment resulted in the replacement of the 
do 01 and doo2 reflections of halloysite H-13-A from 7.4~ to 
ll.3A and from 3.6A to 3.7~, respectively (Figure 13a). 
The DMSO treatment, however, had no effect on the diffrac-
togram of the pure kaolinite other than adding the rela-
tively small deflection at 11.3~ (Figure 13b). The dif-
fractograms of the synthetic mixtures (Figures 14 and 15) 
indicated the presence of a portion of the original 7.2A 
and 3.6~ peaks besides the expanded ll.3K and 3.7A deflec-
tions. In a similar manner, soil clay OMSI-4, too, yield-
ed a diffractogram (Figure 16a) with only partially ex-
panded basal reflections while soil clay WP-2 (see Figure 
16b) showed an almost identical diffractogram as that of 
3.61 
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Figure 14. X-ray diffractograrns of synthetic mixture 
TWK-B (k:h=3:1). 
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Figure 15. X-ray diffractograms of synthetic mixtures: 
TWK-C ( k : h= 1 : 1) (a) , TWK-D ( k : h = 1 : 3) ( b) • 
26 22 18 14 
DEGREES 
to 
2 8 
U.3A 
I 
.. i 
.j 
. ·~ ! 
! 
6 2 
Figure 16. X-ray diffractograms of soil claysa 
soil mixture (a), soil halloysite WP-2 (b). 
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halloysite H-13-A. 
Mineral identification was based on the diffracto-
grams of the DMSO treated samples, of which the results are 
listed in Table II. It is believed that the kaolinite sur-
faces will not readily take part in reactions since their 
internal surfaces have a tendency not to separate unless 
specific intercalation reactions are provided (Gast, 1977). 
Some reactions, however, might occur along the broken edges 
of the mineral. On the other hand, halloysite willingly 
takes up selected organic molecules into its structure and 
even dehydrated halloysite will expand in the presence of 
DMSO. Since kaolinite is not affected by the DMSO treat-
ment, its basal peaks will not show any changes in their 
original positions, while the basal spacings of the halloy-
site will be replaced by deflections at ll.3K and 3.7K. 
Accordingly, the diffractogram of a non-homogenous kaolin 
sample will show the unchanged basal spacings of the ka-
olinite at 7.2~ and 3.6~ and the expanded deflections of 
halloysite at 11.3~ and 3.7~. The formation of the doublet 
peak at doo2 reflection is typical of the non-homogenous 
kaolin minerals. However, when one of the component min-
erals is present in the mixture in a very large percentage, 
the stronger reflection at doo2 of the well crystallized 
mineral will oppress the development of the typical doublet 
peak. In this case, the minor peak is represented by a 
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notch-like extension of the major peak either at the 3.6K 
or at the 3.7a position (Figures 15 and 16a) and by the 
broadening of the reflection at the base of the major peak. 
The diffractograms of the DMSO treated samples indi-
cate that the soil clay WP-2 is a monomineralic kaolin 
containing halloysite (with considerable iron impurity) 
while OMSI-4 is a mixture of kaolinite and halloysite in 
the proportion of approximately k:h=l:4. 
The small deflection at ll.32A of the kaolinite dif-
fractogram (Figure 13b) might represent reactions along the 
broken edges or it might indicate the presence of a very 
small amount of halloysite. Since the doo2 reflection of 
halloysite at 3.7~ did not develop at all, surface reac-
tions along the broken edges are suspected. However, the 
presence of halloysite in a very small percentage has not 
been ruled out since the lower limit of detection of the 
doo2 doublet peak has not been established yet. In this 
study, the TWK-A kaolinite is considered to be monominer-
alic. 
Compaction 
The compaction curves of Figures lA through 9A indi-
cate the relationship between the moisture contents and the 
dry densities of the clays before and after the curing. 
Numbers along the curves identify the specimens. Figure lA 
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shows that halloysite samples compacted to the dry side of 
the optimum condition underwent a slight volume increase 
during the 48 day curing period. Kaolinite and the soil 
clays, on the other hand, sustained volume reductions (Fig-
ures 2A, 6A, and BA). Synthetic mixtures TWK-B and TWK-C 
(Figures 3A and 4A) also suffered volume reduction but 
TWK-D (Figure SA) showed no substantial volume change. All 
of the specimens compacted on the wet side of the density 
curves underwent compression during sample extraction from 
the mold. 
Table III and Figure 17 are used to compare and con-
trast the optimum compacted dry densities and water con-
tents of the clays. The 1.405 gm/cm3 optimum density of 
halloysite is lower and its optimum moisture content at 30% 
is slightly higher than the kaolinite density of 1.436 
gm/cml and water content of 29%. The distribution of the 
optimum values of the artificial mixtures does not follow a 
predictable pattern: mixture TWK-D (k:h=l:3) occupies an 
intermediate position between the optimum values of its 
component members, while samples TWK-B (k:h=3:1) and TWK-C 
(k:h=l:l) have equivalent optimum conditions with higher 
dry density and lower water content values than either of 
their component minerals. Increasing the grain size of 
kaolinite and halloysite (samples H-13-L and TWK-L) re-
sulted in the shifting of the compaction curves to the left 
-,,
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and upward (Figure 17). However, only in the case of hal-
loysite might this change be called "substantial." This 
could be explained by the grain size distribution of the 
minerals. In general, increasing the coarse size fraction 
of a clay results in a higher dry density and lower water 
content value for the optimum condition {Lambe, 1951). 
Figure 5 indicates the increase of the coarser fractions 
from 40% in sample H-13-A to 88% in halloysite H-13-L. On 
the other hand, the size distribution of the coarser kao-
linite is almost the same as that of the finer one {Figure 
5) which accounts for their comparable optimum values. 
The soil clays have very low optimum densities and 
high optimum water contents {Figure 17). The true density-
moisture relationship for soil OMSI-2 could not be deter-
mined due to lack of sufficient data points but Figure 7A 
indicates that this soil might have the lowest optimum dry 
density and highest optimum water content of the tested 
clays. 
Unconfined Compression Analysis 
The photographs of the failed specimens (Figures 18 
through 20) indicate that the water content of the samples 
define the nature of the failure that takes place during 
the unconfined compression test. At a very low water con-
tent, the clays behaved as brittle materials and failed un-
der very small strain deformations. The failures took 
Figure 18. Failure pattern of halloysite and kao-
linite (W is the percentage water content). 
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Figure 19. Failure pattern of synthetic mixtures 
TWK-B (k:h=3:1), TWK-C (k:h=l:l), and TWK-D 
(k:h=l:3) (W is the percentage water content). 
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FAILURE PATTERN OF SOIL CLAY 
'N.R -2 
Figure 20. Failure pattern of soil clays: soil 
halloysite (WP-2) and soil mixture k:h=l:4 
(OMSI-4) (w is the percentage water content). 
66 
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place along the contact of the compacted layers by horizon-
tal separation. The development of near-vertical fissures 
in the lowest of the compacted layers is also typical for 
this stage as shown by the kaolinite sample TWK A-4 in Fig-
ure 18. As the water content increases, bulging along the 
contacts of the compacted layers will take the place of the 
layer separation as in halloysite H-13 A-4 in Figure 18. 
The development of fissures may extend into the other com-
pacted layers (see Figure 19, TWK B-3 and Figure 20, 
WP-2, 1). These samples show near vertical, step-like, 
rugged failure surfaces along the fissures (Figure 18, 
H-13 A-2). Samples with near optimum moisture contents 
developed approximately 45 degree failure planes as in kao-
linite samples TWK A-13, 204, and 205 in Figure 18. The 
failure planes are smooth and slickensided, and in some 
specimens, the alignment of mica flakes along the slip sur-
faces indicates the reorientation of particles parallel to 
the failure plane. Another indication for particle reori-
entation might be the development of the slashed or wavy 
lines seen on the charts of Figures lOA and llA. The same 
charts also suggest that "mini-failures" take place when 
hair-line cracks or fissures develop in the samples during 
the course of the testing. 
Specimens with water content higher than their opti-
mum values underwent considerable strain deformation with-
68 
out failure, developing barrel-like bulging along their 
sides. "V"-shaped "wrinkles" in these samples (Figure 19, 
TWK C-103) evolve into failure surfaces only after the 20% 
strain deformation has been attained. Sometimes multiple 
failure planes develop as in TWK-B 101 of Figure 19. 
The representative stress-strain curves (Figures 12A 
and 13A) also indicate that clays compacted on the dry side 
of the optimum density behaved as brittle materials, dis-
playing high strength with little strain deformations (Fig-
ures 12A and 13A, samples 1, 2, 3, 4) while samples com-
pacted to the wet side of the optimum water content had a 
lower shear strength but underwent larger strain deforma-
tions before failure (Figure 12A, samples 6 and 101) • This 
means that samples of a clay mineral such as 5 and 202 of 
Figure 2A compacted to the same dry density but at a dif-
ferent water content will have different shear character-
istics (Figure 13A, samples 5 and 202). Therefore, samples 
used for correlation were selected to represent optimum wa-
ter content values within +l.5%. These samples and their 
properties are listed in Table v. The average values of 
shear strengths and strain deformations with their margins 
of error are also listed in this table. 
Correlations of the shear strengths of the clays were 
drawn in terms of strain, void ratio, and mineral content. 
The shear strength-strain relationship of halloysite, kao-
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linite, and synthetic mixtures might be represented best by 
a straight line (Figure 21) although all three of the syn-
thetic mixtures indicate higher strain deformation at fail-
ure than the strains of halloysite or kaolinite. Soil clay 
WP-2 has a slightly higher shear strength and is able to 
undergo larger strain deformation than soil clay OMSI-4, 
but neither of the soils could sustain deformations as 
great in magnitude as did kaolinite and halloysite miner-
als. 
The relationship between the shear strength and void 
ratio of the clays is illustrated in Figure 22. Kaolinite 
has a denser structure and therefore a lower void ratio 
than halloysite. If a linear relationship exists between 
the pure minerals as drawn in Figure 22, only TWK-D (k:h= 
1:3) of the synthetic mixtures would plot along this pre-
sumed line. The other mixtures, TWK-B, TWK-C, and the 
coarse kaolinite TWK-L are positioned below the line near 
the location of kaolinite TWK-A. The arrangement of the 
synthetic mixtures TW'K-B (k:h=3:1) and TWK-C (k:h=l:l) and 
the coarse kaolinite below the hypothetical line was ex-
pected since they were all compacted to comparable optimum 
densities (Figure 17). The soil clays yield high void ra-
tios implying that they have loose, flocculated type struc-
tures. 
The effect of the halloysite content on the shear 
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strength of kaolinite has been evaluated in Figure 23. 
Shear strengths are plotted as ordinates and mineral con-
72 
tents as abscissae. The shear strengths represent the mean 
value of several failed specimens. The number of samples 
used for calculating the mean values are indicated by num-
bers next to the plotted points. The vertical lines with 
bars represent the margins of error while the error region 
is illustrated by the hatching on the graph. There is a 
direct relationship between the shear strength and mineral 
content of clays. Kaolinite has a low shear strength of 
~ 1.51 kg/cm • As the halloysite concentrations in the sam-
ples increase, the shear strengths will also increase, un-
til the highest value of 1.88 kg/cm~, which is the shear 
strength of the pure halloysite mineral, is reached. Soil 
t halloysite, with its 1.78 kg/cm shear strength, plots well 
within the error limit of halloysite H-13-A. Soil clay 
OMSI-4, the natural mixture of halloysite and kaolinite, 
also locates within the error region as shown in figure 23, 
and indicates a slightly reduced shear strength when com-
pared to soil WP-2. The coarse grained kaolinite, TWK-L, 
has a higher strength than the finer TWK-A. This, however, 
was expected since those samples which were used for corre-
lation (TWK L-2, 6, and 7) have been compacted on the dry 
side of the optimum water content (Figure 9A) • Neverthe-
less, the shear strength of the coarse grained kaolinite 
still exists within the error limit of the fine grained ka-
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olinite. The insufficient data for the coarse grained hal-
loysite and soil OMSI-2 does not warrant the use of these 
clays for correlation. 
The possibility of using mineral composition as a 
strength indicator has been explored by applying statisti-
cal methods for data evaluation. The analysis of variance 
(Davis, 1973) indicates that, with the large variability 
within the same type of clays, the shear strength variation 
at the 5% level of significance is the same in the parent 
population of kaolinite, halloysite, synthetic mixtures, 
and soil minerals. The clays were compared by paired "t" 
tests to detect significant differences in their mean shear 
strength. The examination (see Table VIII in Appendix A) 
suggests that halloysite, synthetic mixture TWK-D (k:h= 
1:3), and the soil clays differ significantly from kaolin-
ite at the 90% level while the soil clays have the same 
mean shear strength as do the synthetic mixtures and hal-
loysite. 
The precision of instrumentation (the ability to re-
peat analyses with the same result) is listed in Table VI. 
The average precision of the shear strength is +11% while 
that for strain deformation is +16%. Accuracy was not 
stressed in this study since the shear strengths of the 
clays relative to each other needed to be compared for cor-
relation, not the absolute value of the strengths. 
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Atterberg Limits 
Table IV lists the specific gravities, clay contents 
of minerals and soils, and their Atterberg limits and index 
properties. The specific gravities had been determined 
prior to the limit testing. The specific gravity of ka-
olinite is 2.62 and that of halloysite is 2.58. The spe-
cific gravity of the synthetic mixtures ranges between 
these end values. The specific gravity of the soil clays 
is higher than the specific gravity of either of the pure 
minerals. The high value of 2.91 for OMSI-4 probably re-
flects the high iron content of this soil. 
The clay contents of the samples (Table IV) were ob-
tained from the grain-size analysis curves of Figures 5 
through 7 as the finer than 0.002 millimeter size fraction. 
The clay contents were used to compute the activities of 
the minerals and soils. Table IV indicates that the clays 
are inactive with activity less than 0.5. The higher ac-
tivity value of 0.9 for halloysite H-13-L is due to the low 
clay size content of this mineral. 
Table IV also indicates that the plastic and liquid 
limits of kaolinite are higher than those of halloysite. 
However, as can be seen in Figure 24, the synthetic mix-
tures did not attain an intermediate liquid limit value be-
tween the limits of their component minerals. TWK-C, the 
1:1 mixture, has comparable limit values, as do the limits 
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of halloysite H-13-A, but the limits of TWI<-B are slightly 
higher while those of TWK-D are slightly lower. According 
to Grim (1962), crystallinity and particle size control the 
liquid limit of the kaolin minerals. Poorly crystallized 
and finer kaolinites have higher liquid limits than their 
well-crystallized, coarser counter parts. Kaolinite TWK-A 
is well crystallized, but its particle size is finer than 
that of halloysite H-13-A. Therefore, the higher liquid 
limit of 56% is reasonable for kaolinite compared to the 
49.5% limit value of halloysite. The behavior of the syn-
thetic mixtures, in regard to their liquid limits, could 
not be explained. Nevertheless, it is possible that a sim-
ilar event takes place within the mixture as suggested by 
Schofield and Samson (1954). Accordingly, the mutual 
edge-to-face attraction of a mineral can be superseded in a 
mixture of several minerals. The result is that the finer 
grains, with their negative surface charges, will coat the 
positive edges of larger crystals. It is conceivable that 
the adhering of the smaller particles to the larger ones 
will change the size of the fabric units or domain aggrega-
tions which might account for the liquid limit values of 
the synthetic mixtures (Table IV). 
The limits of soil clay WP-2 are comparable to the 
limit values of kaolinite. OMSI-4 has the highest limit of 
the studied materials, and bears no relation to either the 
78 
pure minerals or their synthetic mixtures (Figure 24). The 
high limit values of the soils are attributed to the pres-
ence of organic materials in these clays. 
The relation between the plasticity index and liquid 
limit is illustrated in the plasticity chart (Figure 25). 
The minerals on this chart are related to the Casagrande 
"A" line. Generally, kaolinites locate close to the "A" 
line, while halloysites plot below it. Dumbleton and West 
(1966) report that kaolinite plots below the "A" line when 
it contains muscovite. It is possible, therefore, that ka-
olinite TWK-A owes its position on the plasticity chart to 
its mica impurity. 
Based on the "Unified Soil Classification System" -
one of the more widely used classification methods the 
plasticity chart indicates that the pure kaolinite in this 
study would be micaceous, silty soil. Soils WP-2 and 
OMSI-4 would be labelled as organic clays of medium to high 
plasticity. Halloysite H-13-A, synthetic mixtures and 
coarse-grained kaolinite TWK-L would be clayey silts with 
slight plasticity. Coarse-grained halloysite H-13-L would 
be classified as inorganic silt and fine sand. Based on 
grain size distribution, the MIT classification (Glossop 
and Skempton, 1945) classifies kaolinites TWK-A and TWK-L, 
halloysite H-13-A, synthetic mixtures, and soil WP-2 as 
silty clay, soil OMSI-4 as clayey silt, and halloysite 
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H-13-L as silty sand {see Figures 5 through 7). Since 
plasticity is a typical fine-grained soil property, the 
Unified Soil Classification System is prefered to the MIT 
classification for the fine-grained clays of this study. 
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The Atterberg limits and indices are used as indica-
tors of engineering properties of clays. When the soils 
are compared at equal liquid limits, the one with higher 
plasticity index should have a higher dry strength. TWK-A 
and WP-2 are compared at liquid limits of 56% (Table VII). 
Kaolinite should have higher dry strength than the soil 
clay, but the dry strength of kaolinite is much lower. 
When soils at equal plasticity indices are compared, the 
one with the lowest flow index should have the highest 
shear strength; the synthetic mixtures, halloysite, and the 
coarse kaolinite, at a plasticity index of 15, should have, 
in order of decreasing shear strengths: TWK-D, TWK-B, 
TWK-C, H-13-A, TWK-L. The actual order, however, is 
H-13-A, TWK-D, TWK-C, TWK-L, TWK-B. When soils at equal 
plasticity but different liquid limits are compared, the 
one with the higher liquid limit should have the higher dry 
strength. Consequently, clays with a plasticity index of 
15 should have, in increasing order of dry strengths: 
TWK-D, H-13-A, TWK-L, TWK-C, TWK-B. TWK-L has the lowest 
dry strength, but the dry strength of the synthetic mix-
tures and the halloysite could not be differentiated. 
CHAPTER VI 
DISCUSSION AND CONCLUSION 
DISCUSSION 
The results of the unconfined compression analysis 
indicate that the shear strength of halloysite is higher 
than that of kaolinite. If the difference is real, then it 
is contrary to what was anticipated at the onset of this 
project since the fully hydrated and dehydrated halloysites 
are expected to have very low compressive strengths (Grim, 
1962). The possibilities are that the original hypothesis 
was inaccurate, or one of the tested minerals posessed pe-
culiar properties resulting in unforseen behavior. In ex-
ploring the possibility that the hypothesis was erroneous, 
it should be kept in mind that halloysites have low com-
pacted optimum dry densities and that clays compacted to a 
denser optimum state generally will attain a higher shear 
strength. Any model which is used to prove that dehydrated 
halloysites have higher shear strengths than kaolinites 
should address these problems. Compaction influences the 
particle orientation and spacings. The higher optimum dry 
densities of kaolinites could be either the result of a 
more oriented particle arrangement or the consequence of 
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reduced interparticle s~acings. In the case of compacted 
clays, particle space reduction results in the increase of 
contact pressure which results in the increase of shear 
strength. Therefore, to substantiate the lower shear 
strength of kaolinites, the particle orientation of com-
pacted kaolins should be probed. It is conceivable that 
the rod-shaped particles of halloysite will not compact to 
such an extent as the hexagonal plates of the kaolinite 
flakes (Lambe and Martin, 1955). Therefore, halloysite 
will form a less oriented, less dense, flocculated soil 
structure. Since more force is needed to slide one parti-
cle over another when the clay flakes are oriented in a 
random array instead of a more oriented parallel arrange-
ment, the less dense, less oriented halloysite will have a 
higher shear strength. Comparing the average void ratio of 
0.851~0.029 for halloysite with the 0.823~0.004 void ~atio 
of kaolinite (Figure 22), halloysite might have a slightly 
looser, less oriented structure than kaolinite, thus yield-
ing a slightly higher shear stre~gth of 1.88+0.17 kg/cm~ 
when compared to the 1.51+0.20 kg/cm2 strength of kaolin-
ite. 
To investigate the possibility of the reinerals exhib-
iting unusual physical or chemical properties would re-
quire further testings which are beyond the scope of this 
thesis. It is known that slightly acidic environments fa-
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vor the formation of kaolinite; therefore, low pH values 
are typical for kaolins. However, kaolinite of Twiggs 
County, Macon, Georgia, mined from the Birch Pit is unique 
because of its high pH value of 7 to 8 (Kerr and Kulp, 
1949). Kaolinite with such a characteristic cannot be 
flocculated without chemical treatment and would yield dis-
persed soil structure with low shear strength. Since the 
pH of the clays was not determined and it is not known 
whether the kaolinite of this study originates from the 
Birch Pit or not, the interpretation of the low shear 
strength of kaolinite TWK-A as the result of the high pH of 
the clay remains only speculative. If the low shear 
strength of kaolinite TWK-A is unusual for kaolinite, then 
the shear strength of l.74+0.009 kg/cm2 for OMSI-4 is too 
low. 
The possibility that minerals of the same mineralogi-
cal type but of different origins may vary in their chemi-
cal and physical properties should also be considered. 
Therefore, choosing a hydrothermal halloysite and a sedi-
mentary kaolinite for the study now appears not to have 
been the best choice, but it was the only one that could be 
arranged. 
CONCLUSION 
Contrary to what was expected, the unconfined com-
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pression analysis on compacted clays indicate that hal-
loysi te #13 from Utah has a higher shear strength than the 
Twiggs kaolinite. The shear strength of this halloysite is 
attributed to a flocculated type soil structure where the 
acting electrical forces are more attractive than those of 
kaolinite. The contribution of halloysite to the shear 
strength of kaolinite in a synthetic mixture is in direct 
proportion to the percentage of the halloysite. The shear 
strength of the soil clays correlate well with those of the 
pure minerals or synthetic mixtures. No relationship could 
be established between the shear strength and plasticity of 
the clays. 
The use of mineral composition as the shear strength 
indicator of kaolins is not recomended; the statistical "t" 
test failed to indicate that the shear strengths of the 
synthetic mixtures differed significantly from each other 
at the 90% level, although the test revealed that the shear 
strength of halloysite is different from that of kaolinite. 
The soil structure seems to play and important role 
in the shear strength development of clays. Soil structure 
is not a permanent feature; it may alter under the influ-
ence of changing environment. Therefore, the investiga-
tion of the nature of the soil-water system, the effects of 
pollutants and organic waste materials on the environment 
might yield beneficial information for the soils engineer. 
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FIGURES 
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Figure lA. Compaction curves of halloysite H-13-A. 
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Figure 2A. Compaction curves of kaolinite TWK-A. 
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Figure 3A. Compaction curves of 3:1 (k:h) synthetic 
mixture TWK-B. 
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Figure 4A. Compaction curves of 1:1 (k:h) synthetic 
mixture TWK-C. 
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Figure SA. Compaction curves of 1:3 (k:h) synthetic 
mixture TWK-D. 
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Figure 6A. Compaction curves of soil clay WP-2. 
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Figure 7A. Compaction curves of soil-clay OMSI-2. 
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Figure 8A. Compaction curves of soil-clay OMSI-4. 
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Figure 9A. Compaction curves of coarse grained 
halloysite and kaolinite. 
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Figure lOA. Sample chart of load (lbs)-strain (ins) 
relationship using the 500 pound load cell during 
testing. 
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Figure llA. Sample chart of load (lbs)-strain (ins) 
relat1onsfiip using the 2000 pound load cell during 
testing. 
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Fi lure 12A. Stress-strain relationship of halloysite 
H- 3-A specimens. 
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Figure 13A. Stress-strain relationship of kaolinite 
TWK-A specimens. 
